Tapping sounds were measured for the varnished boards and the uncoated ones of Sitka spruce wood used for musical instrument soundboards, and the acoustical effect of varnishing was investigated from their sound power spectra. The Young's modulus and the internal friction were measured for these boards, and the equations for the case of a coated board were derived theoretically.
INTRODUTION

Soundboards
of musical instruments such as the violin family, pianos, and guitars have been coated with varnish. It has been generally considered that the varnishing is done for the purposes of improving the acoustical characteristics, suppressing moisture absorption, improving the appearance, and protect -ing against stains.
The acoustical effect of varnish -ing has been praised by artisans and players, and in violins it has become legendary because of the secret of varnishing.
Although there is much interest in this effect, there are only a few scientific studies, i.e.
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Violin top plates of about 3 mm thickness and piano soundboards of about 10mm thickness have been coated with varnish on the outer surface only and on both surfaces, respectively. In this experi -ment, however, in order to detect the delicate effect of varnishing and to make the analysis easier, the boards with a thinner thickness of about 2mm which were Sitka spruce wood (Picea sitchensis CARR.) used for the soundboards were covered over with varnish. Test boards were made by a piano maker, because it was very difficult to obtain the cooperation of violin makers. Therefore, the wood boards, the varnish, and the coating procedure are the same as those used for piano soundboards. Examples of the making of test boards are shown in Fig. 1 . Three long boards were prepared. The boards have a length of 650mm in the direction, L, parallel to the grain, and a width of 105mm in the direction, R, perpendicular to the grain. The blank portions in the figure were masked with paper and the long boards were coated with a sealer which has nitrocellulose for its principal constituents, and after sanding they were coated with varnish to a thickness of about 65 inn. The varnish has a copal resin for its principal constituents and a toluene for its solvents, and it was diluted with a thinner which was composed of 50-60% toluene, 10-20% acetone, and 10-20% ethyl acetate by weight. The finished test boards were square and 105mm long. The test boards were given a number in order as shown in the figure. In the number, the letters V (shadow Fig. 1 it is found that peaks at 200-300Hz and about 900 Hz, which are shown by arrows in the figure, are the resonances in the R direction and in the L direction at the first mode, respectively. So, with varnishing the resonance frequency at the first mode in the L direction hardly changes, but that in the R direction increases remarkably. From Table 1 , with varnish -ing, E/p decreased slightly and Q-1 increased in the L direction, whereas in the R direction both E/p and Q-1 increased considerably. Consequently, the variations of (El p),, and (E/p)R correspond to the frequency variations of peaks in the L direction and in the R direction, respectively.
The effects of varnishing on sound power spectra were investigated by taking the difference (AP) between the level of 1/3 octave power spectrum for a solid board and the mean level of 1/3 octave power spectra for varnished boards adjacent to both sides of the solid board. Examples of the increase (No. 11-13 boards) and the decrease (No.33-35 boards) in overall power level are shown in Fig. 6 (a) by a dotted line and solid line, respectively. The stan -dard line of 0dB is the sound power levels of each band in 1/3 octave spectra for their solid boards Arrows L and R show the resonance points at the first mode in the IL direction and R direction, respec tively.
(No. 12 and 34). For reference, they are shown in Fig. 6(b) , having the problem in spectrum envelopes which is described in section 2. This consideration receives a support from Sec -tions 3.4 and 3.5, also. Consequently, when the ER increases largely with varnishing, the frequency characteristics of soundboards are improved.
Mechanism of the Variations of Young's
Modulus and Internal Friction with Varnishing From the result of Section 3.2, the values of the Young's modulus and the internal friction in the wood board used for a base plate and the coating thickness of varnish at which the varnishing has a positive acoustical effect can be found by clarifying the mechanisms of the variations of Young's mod -ulus and internal friction with varnishing. Thus, the equations for calculating the Young's modulus and the internal friction of a wood board coated with varnish were derived theoretically.
The varnish hardly soaks into the wood due to the sealer, which is sanded out. Therefore, our varnished wood board can be considered to be ap -proximately a sandwich composite which has the cross section shown in Fig. 9 . In the figure, numbers 0 and 1 show the wood board of a base plate and the varnish film of a coated plate, respectively. The Young's modulus of a sandwich composite, Ec, can be expressed by the following equation that is generally known: (1) where, E0 and E1 are the Young's modulie of each layer, and I0 and I1 are the moment of inertia of each plane figure with respect to the horizontal axis of Fig. 9 The cross section of a sandwich composite. symmetry, the x-axis.
The thickness of each layer, to and t1, was taken as shown in Fig. 9 , and I0/Ic and 1,1 lc were calculated. The results were as follows:
Substituting Eqs. (2) and (3) into Eq. (1), we obtain the following equation: (6) Substituting Eq.(6) into Eq. (5), we obtain the fol -lowing equation:
From Eqs.(4b) and (7b), the variations of Young's modulus and internal friction with varnishing are determined by two or three relative quantities, i.e. the ratios of the Young's modulus and internal fric -tion of varnish to those of wood and the thickness ratio of varnish to wood. The experimental results for the film pieces of varnish and sealer are shown in Table 2 . In comparison with Table 1 , both the value of Young's modulus in varnish and that in sealer lie between those in the L and R directions in wood, and the values of internal friction in both varnish and sealer are much higher than those in both directions in wood. Therefore, from Fig. 8 and Eqs. (4b) and (7b), it is estimated that the varnishing has a positive acoustical effect on wood boards having a low Young's modulus and high internal friction in the R direction. Generally, wood having lower Young's modulus has higher internal friction, so this is possible. In addition, the mea -sured resonant frequencies in Table 2 were about 100-270Hz.
The relationships between the variation of Young's modulus in the R direction,(Ec/E0)R=Y, and the thickness ratio of varnish to wood, t1/t0=X, were investigated using Eq.(4b) for each board having 0.35GPa and 0.70GPa in Young's modulus, FoR, in the R direction at no coating. The former and the latter were expressed by the straight lines of m:1+27.9X
and n:Y=1+12.4X, respectively. These relationships are shown in Fig. 10 . From the figure, it is observed that there is a great difference between lines of m and n, and that the m line being the case of a low E0R is influenced more strongly by varnishing. The experimental results were plotted in the figure, and the E0R values were noted near Table 2 Characteristics of the test film pieces of varnish and sealer. each point. At the measured points, the lower the Eo. values, the higher the increasing rates of Young's modulus with varnishing, and their values agree qualitatively with the theoretical values. However, in the low range of Young's modulus in the R direction it is observed that the measured values are greater than the theoretical values. This can be explained by considering that the Young's modulus in the R direction increases due to the sealer having higher Young's modulus in comparison with wood, which is shown in Table 2 . Paradoxically, this fact shows the efficacy of sealer. As preparation for calculating the variation of internal friction, the relationship between the Young's modulus, E0R, and the internal friction, in the R direction was investigated for the solid wood boards. The results is shown in Fig. 11 . From the figure, it is observed that there is a very high correlation between them, and that the internal friction decreases linearly with increasing Young's modulus. The values of internal friction corresponding to 0.35 GPa and 0.70 GPa in Young's modulus are 0.0183 and 0.0164, respectively. Then, for each board having this pair of values in the R direction, the relationships between the variation of internal friction in the R direction, Qc-1/Qo-1= Y, and the thickness ratio, t1/t0= X, were investigated using Eq. (7b). They were expressed by curves of m: Y= 2.89 -1.89/(1 + 30.9X) and n: Y= 3.24 -2.24/ (1 + 15.4X), and shown in Fig. 12 . From the figure, Fig. 11 Relationship between the Young's modulus in the R direction, E0R, and the internal friction in the R direction, Q0R-1, for sitka spruce wood.
with increasing varnish thickness, the internal friction in the R direction increases and then the rate decreases gradually. Also, the difference between curves m and n is small, because the difference in internal friction between their base plates is small itself. The relationship in the L direction also was investigated because the variation of the internal friction in the L direction with varnishing was somewhat high from Table 1 7b) is almost valid. In addition, it is observed that the measured values in both directions are slightly higher than the theoretical values. This is due to the sealer whose internal friction is higher than those of wood in both directions. The main factor of the ratio increases in the former is the ER because of having a low ER value, and that of the ratio decrease in the latter is the QR-1 because of having a high ER value. The ratio varia -tions bring about the sound power spectrum varia -tions as shown in Fig. 6 , which includes the varia -tions that are due to the difference in input power.
Thus, it was verified that the experimental results almost agreed with the theoretical equations derived in this study, and the mechanism of the acoustical characteristic variations of the wood boards with varnishing was clarified.
CONCLUSIONS
It was found that whether the varnishing was beneficial or harmful acoustically could not be con -cluded simply.
The factors of acoustical charac -teristic variations with varnishing were the Young's modulus in the R direction (ER) and the internal friction in the R direction (QR-1). The variation of ER large depended on the ER value of wood and the ER increased large for the board having a low ER value, whereas the variation of QR-1 small depended on the ER and QR-1 values of wood and the QR-1 increased.
From these results, the principal factor of the varnishing effect is the ER for the board having a low ER value and is the QR-1 for the board having a high ER value.
Therefore, the acoustical characteristics in the former are improved with varnishing and the sound power level increases at frequencies above about 300 Hz; but on the other hand, those in the latter are worsened regardless of varnish thickness and the power level decreases at high frequencies. These facts mean that the fre -quency characteristics of the wood boards can be controlled to some degree by varnishing.
